In sharp contrast to previous studies on FeRh bulk, thin films, and nanoparticles, we report the persistence of ferromagnetic order down to 3 K for size-selected 3.3 nm diameter nanocrystals embedded into an amorphous carbon matrix. The annealed nanoparticles have a B2 structure with alternating atomic Fe and Rh layers. X-ray magnetic dichroism and superconducting quantum interference device measurements demonstrate ferromagnetic alignment of the Fe and Rh magnetic moments of 3 and 1 B , respectively. The ferromagnetic order is ascribed to the finite-size induced structural relaxation observed in extended x-ray absorption spectroscopy. DOI: 10.1103/PhysRevLett.110.087207 PACS numbers: 75.30.Kz, 75.75.Cd, 81.07.Bc Iron-rhodium alloys exhibit competing ferromagnetic (FM) and antiferromagnetic (AFM) phases with transition temperatures close to ambient for nearly equiatomic composition and body-centered-cubic (bcc) CsCl-like B2 structure. The competition between the two magnetic orders of FeRh holds great potential in spintronics and heat assisted magnetic recording [1, 2] . Moreover, the peculiar bulk FeRh magnetic phase diagram enables its use as active material in heat pumps and refrigerators [3] [4] [5] .
Iron-rhodium alloys exhibit competing ferromagnetic (FM) and antiferromagnetic (AFM) phases with transition temperatures close to ambient for nearly equiatomic composition and body-centered-cubic (bcc) CsCl-like B2 structure. The competition between the two magnetic orders of FeRh holds great potential in spintronics and heat assisted magnetic recording [1, 2] . Moreover, the peculiar bulk FeRh magnetic phase diagram enables its use as active material in heat pumps and refrigerators [3] [4] [5] .
At ambient conditions, bulk B2 FeRh is a G-type AFM with a total magnetic moment on the iron atoms of 3:3 B and no appreciable moment on the rhodium atoms [6] [7] [8] . Above the transition temperature of 370 K, the atomic moments of Fe and Rh are ferromagnetically aligned and take on total values of 3.2 and 0:9 B , respectively [6] [7] [8] . While it has long been known that the bcc unit cell volume expands by % 1% upon transforming to FM order [9] , recent experiments suggest that distortions of the bcc structure may occur [10] . Given the itinerant character of the 3d electrons, the coupling between crystallographic and magnetic order in this system is both rich and very delicate as demonstrated by the theoretical challenge to model the system [11] , as well as by recent pump-probe experiments focusing on ultrafast magnetization control [12] .
Finite-size systems of this alloy have received particular attention by their potential to stabilize the FM phase at room temperature and below. Strained thin films [13, 14] showed traces of a FM phase down to 300 K, while ab initio calculations predicted FM down to 0 K for a Rh-terminated 9 ML FeRh(001) film [15] and for 8-atom FeRh clusters [16] . Indeed, since nanosized crystals may present significantly different interatomic distances and unit cell distortions with respect to bulk [17, 18] , a fundamentally modified magnetic phase diagram can be expected for FeRh nanocrystals. However, the first experiments on chemically synthesized FeRh nanoparticles (NPs) failed to evidence low temperature stability of the FM phase. Most notably, they raised important questions, such as partial B2 ordering, elemental segregation, and coalescence upon annealing [19] [20] [21] .
In this Letter, we demonstrate the persistence of FM order down to below 3 K in size-selected FeRh nanocrystals with a mean diameter of 3.3 nm that are embedded into a carbon (C) matrix and thus protected from pollution and coalescence. Both structural and magnetic properties dramatically change upon annealing of the NPs. While the as-deposited ones are in a chemically disordered fcc structure, the annealed NPs are in the chemically ordered B2 phase with alternating atomic Fe and Rh planes, as evidenced by high resolution transmission electron microscopy (HRTEM). X-ray magnetic circular dichroism (XMCD) reveals for particles in the B2 phase FM order between Fe and Rh with magnetic moments of 3 and 1 B , respectively. Combined XMCD and superconducting quantum interference device (SQUID) magnetometry demonstrate that our 1400-atom NPs are single magnetic domain with a magnetic volume identical to the geometric one and a blocking temperature of around 12 K. The x-ray absorption spectroscopy (XAS) line shape at the Fe L 3 edge consists of a single peak, thus excluding chemical interactions with the C-matrix atoms as a possible source of the FM order. Based on extended x-ray absorption fine structure (EXAFS) analysis at the Fe K edge, we ascribe the observed FM order to finite-size induced structural relaxation in which the mean interatomic distances are the bulk values, but their distribution widths are larger by more than 20% with respect to the bulk distance distribution.
FeRh NPs are synthesized as follows: a plasma created by the impact of a laser (YAG, ¼ 532 nm, pulse duration ¼ 8 ns) on a FeRh target is thermalized by injection of a continuous flow of helium at low pressure (30 mbar) inducing the cluster growth [22] . Clusters are subsequently cooled down in the supersonic expansion taking place at the exit nozzle of the source, mass-selected by an electrostatic quadrupole, and transferred to an ultrahigh vacuum chamber (base pressure of 5 Â 10 À10 Torr) where they are deposited at low kinetic energy together with carbon atoms onto a carbon buffer. TEM grids have been prepared with 7% surface concentration, whereas magnetically characterized samples had 1% vol. to suppress coalescence and magnetic interactions. The asdeposited particles have an fcc structure and have been transformed into the B2 structure by annealing at 970 K for 1 h at a background pressure of p < 10 À6 mbar. The HRTEM images after annealing have been acquired operating a FEI Titan 80-300 TEM at 300 kV with a field emission gun and an aberration corrector for the objective lens [23, 24] whereas images before annealing have been acquired on a Jeol 2010F at 200 kV. XAS and XMCD measurements were performed in the total electron yield mode with a magnetic field parallel to the x-ray beam and perpendicular to the sample surface at the X-Treme beam line of the Swiss Light Source [25] . EXAFS experiments at the Fe K edge (7112 eV) were performed at room temperature at the CRG-BM30b-FAME beam line at ESRF [26] . SQUID measurements were performed using a commercial instrument (Quantum Design, MPMS-XL5). The chemical composition of the NPs has been investigated by means of energy x-ray dispersive spectroscopy revealing a composition of Fe x Rh 1Àx with x ¼ 0:51. Figure 1 shows HRTEM images, XAS, and XMCD measurements of the B2-FeRh nanocrystals. The remarkable size homogeneity is documented in Fig. 1 A; within the error bar this is in agreement with bulk B2 FeRh [9] . To our knowledge, this is the first time that chemical order is observed in equiatomic FeRh NPs of that size.
The XAS and resulting XMCD spectra reported in Figs. 1(d) and 1(e) exhibit strong dichroism for both atomic species and reveal that their moments are ferromagnetically aligned because their XMCD has the same sign. The orbital and spin magnetic moments per Rh and Fe atom are given in Table I and have been derived using the sum rules [27, 28] with bulk number of d holes, h d ¼ 3:51 for Fe and h d ¼ 2:34 for Rh [29] . The magnetic moments are comparable with those observed in bulk FeRh above the transition temperature. The observation of bulklike mean magnetic moments excludes the possibility of AFM particles having uncompensated surface spins, as then these atoms would have unrealistically large magnetic 
087207-2 moments (note that in the considered NPs, approximately 35% of the atoms are at the surface). Because the samples are made of randomly oriented nanocrystals, the magnetic dipole term T , reflecting the aspherical spin moment distribution around the absorbing atom, averages to zero. Therefore, the effective spin moment evaluated from the XMCD signal is the true magnetic spin moment. Notice that the Rh absorption spectra present in addition to the M 2 and M 3 edges a feature at 503 eV that has been reported before [29, 30] . In contrast to these references, we observe a small dichroic signal also for this peak. Because it is unclear how this signal enters into the sum rules, its area has been considered as contributing to the uncertainty on the estimated Rh moments. Table II , reminiscent of inhomogeneous or noncollinear magnetic order in the nanoparticles. Note the small shoulder of the Fe absorption line at þ1:6 eV with respect to the main L 3 edge. It is absent for the annealed particles and might be due to the different chemical environment of Fe atoms at the NP-C interface, or to interstitial C atoms [31] . Its disappearance upon annealing would accordingly be attributed to graphitization of the amorphous C matrix at the NP surface [32, 33] , or to segregation of C interstitials due to the increased mixing enthalpy in the bcc phase [34] . In fact, the enthalpy of formation of an interstitial impurity is close to zero in Fe fcc but it is larger than 1 eV in Fe bcc and increases reducing the particle size [34, 35] , thus leading to C-free NPs upon annealing. These results make also clear why a C matrix represents a good choice for this study. The magnetism of clean FeRh nanocrystals can only be explored if the embedding matrix prevents coalescence, contamination, and strong hybridization of the NP surface with the matrix atoms. As alternative matrix materials, one could imagine metal oxides. A criterion for negligible oxidation at the NPs surface is an oxygen affinity of the metallic component of the oxide larger than that of Fe [36] . With this criterion in mind we see that for two largely used oxides, i.e., Al 2 O 3 and MgO, the former would be a better candidate.
Additional information on the magnetic properties of the NPs is gained from the SQUID measurements shown in Fig. 3 . The zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves show a crossover from superparamagnetism to blocking characteristic of FM NPs. The magnetic size and effective anisotropy have been determined by the simultaneous fit of ZFC, FC, and MðHÞ at 100 K [37] . We used the semianalytical model presented in Ref. [38] and the magnetic moments of Tables I and II as input. For both phases, the mean magnetic diameter coincides within the error with the geometric one; see Table III . This confirms negligible particle coalescence and testifies the unquenched magnetism at Above the blocking temperature, we observe the typical superparamagnetic fully reversible behavior without a coercive field, while at T ¼ 2 K, the coercive field measures 80 and 35 mT for fcc and B2 NPs, respectively. The effect of chemical ordering is immediately visible: the saturation magnetization M s is two times larger for the B2 NPs in good agreement with XMCD experiments, while the coercive field decreases by the same amount. Not surprisingly, the H c M s product is nearly conserved through the fcc-B2 transformation, since it is proportional to the almost constant K. We further tested the coupling between crystallographic structure and magnetic order by EXAFS measurements at the Fe K edge. Figure 4 presents the data together with best fits from multiple-scattering path expansion [39] using the Artemis software [40] . Data were simulated after a 1.2-3.2 Å Fourier-window filtering (distances uncorrected from phase shift). The fits then return the number of nearest neighbors to the absorbing Fe atom for each element N, their average distances R, and their Debye-Waller factors 2 , which are related to the bond-length dispersion; see Table IV . As-deposited NPs present N Rh =N Fe % 1, further confirming the chemically disordered fcc structure with an average unit cell volume of ð3:64 AÞ 3 . Annealing the NPs has profound implications on the shape of EXAFS signal; see Fig. 4 . The spectra can in this case be modeled with a first-neighbor ratio N Rh =N Fe equal to 4=3 and a distance ratio R Rh =R Fe equal to ffiffiffi 3 p =2, as expected for the B2 phase. The unit cell volume ð2:98 AÞ 3 coincides with that of bulk B2 FeRh [8] . The number of C atoms neighboring the emitting Fe is reduced upon annealing, in agreement with XMCD measurements. Debye-Waller factors are more than 20% larger than in bulk [10] , possibly due to the lattice parameter relaxation close to the NP surface. Because competition between AFM and FM is very sensitive to the crystallographic structure in FeRh, such finitesize induced structural relaxation might be at the origin of the stable FM order observed down to T ¼ 3 K.
Our combined structural and magnetic study demonstrates that annealed 3.3 nm FeRh NPs are in the B2 phase presenting alternating Fe and Rh atomic planes. Furthermore, these NPs are FM at T ¼ 3 K and thus do not present the AFM-FM transition characteristic of bulk and thin film specimens. Atomic orbital and spin magnetic moments are compatible with those observed in bulk above the transition temperature and indicate perfect FM alignment. This first observation of low temperature Table IV . PRL 110, 087207 (2013) P H Y S I C A L R E V I E W L E T T E R S week ending 22 FEBRUARY 2013 087207-4 stabilization of the FM phase in nanoscale FeRh crystals suggests a rich size-dependent magnetic phase diagram and paves the road for the creation of larger FeRh NPs switching from AFM to FM at tunable temperatures, pressures, and magnetic fields.
